Abstract: In the past, much research has centered on dispersing liquids into gases, and dispersing solids and liquids into liquids. However, there has been almost no research on dissolving gases into liquids by dispersion, possibly because of concerns about the effect of deaeration due to cavitation of a liquid by ultrasound. Here, we consider a method using ultrasound to finely disperse and dissolve a supplied gas. The method entails placing the gas supply outlet close to the tip of an ultrasonic longitudinal vibration source and dissolving the gas into the liquid by finely dispersing the gas by means of the vibrations. In this method, the occurrence of cavitation is reduced as much as possible and deaeration effects are reduced. Here, air is used as the gas to be dissolved and water is used as the solvent. The unsaturated dissolved oxygen concentration in water is used as an indicator for evaluating the proportion of dissolved air. The results show that ultrasonic vibration increases the concentration of oxygen dissolved in the liquid and that almost no deaeration by cavitation occurs.
INTRODUCTION
One action of ultrasound is dispersion. In the past, much research has centered on dispersing liquids into gases, and dispersing solids and liquids into liquids [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, there has been almost no research on dissolving gases into liquids by dispersion, possibly because of concerns about the effect of deaeration due to cavitation of a liquid by ultrasound [10] [11] [12] [13] [14] . One method for dissolving a gas in a liquid is to promote dissolution by increasing the surface area of the gas by finely dispersing it throughout the liquid. The main examples of this method are the pressurized dissolution method and the swirling liquid flow method. However, since these methods require the liquid to flow, they require elaborate equipment with moving parts, making it difficult to dissolve gas into small quantities of liquids [15, 16] .
One example of a method of finely dispersing gas by ultrasound was proposed by Makuta et al. [17, 18] . This method focuses on the generation of fine bubbles and is capable of finely dispersing the gas into particles of uniform size because it makes use of the resonance of the air-liquid boundary to achieve fine dispersion. However, this method is readily affected by water pressure, and achieving fine dispersion is considered to be problematic if, for example, the water depth changes.
Here, we consider a method for finely dispersing and dissolving a supplied gas without using liquid flow and the fine dispersion unit is not affected by water depth. The method entails placing the output that supplies the gas to be dissolved extremely close to the tip of an ultrasonic longitudinal vibration source and dissolving the gas into the liquid by finely dispersing the gas by means of vibrations [19] . In this method, the occurrence of cavitation is reduced as much as possible, and deaeration effects are reduced by placing the ultrasonic longitudinal vibration source and gas supply outlet next to each other.
In this study, we performed a basic investigation of dissolving gas by fine dispersion using ultrasonic vibrations. In this method, fine dispersion increases the mass transfer rate and reduces the time to reach saturation [20] [21] [22] . Air was used as the gas to be dissolved and water was used as the solvent. The unsaturated dissolved oxygen concentration in the solvent was used as an indicator for evaluating the proportion of dissolved air. In this inves-tigation, all of the dissolved oxygen concentrations are in the unsaturated state. We investigated (1) the increase in unsaturated dissolved oxygen concentration upon fine dispersion of air, and the increase in unsaturated dissolved oxygen concentration upon fine dispersion of air in response to varying (2) the input power, (3) the flow rate of the supplied gas, (4) the amount of water in the tank, and (5) the vertical distance between the air supply outlet and the ultrasonic vibration source tip. These investigations revealed the advantages of dissolving gas by ultrasonic irradiation. Figure 1 shows an overview of the fine gas dispersion apparatus. Figure 1(a) shows a schematic of the entire apparatus, while Fig. 1(b) shows only the air supply outlet. As shown in Fig. 1(a) , the apparatus consists of an ultrasonic longitudinal vibration source, water tank, and air supply outlet. The ultrasonic longitudinal vibration source consists of an exponential horn (amplitude magnification ratio, 4.6) made of duralumin attached to a 20 kHz bolt-clamped Langevin-type transducer with a uniform rod (diameter, 12 mm; length, 120 mm) made of duralumin and attached to the tip. The tip of the ultrasonic longitudinal vibration source is inserted into the water from the top of the water tank pointing down ward. The water tank is an acrylic rectangular parallelepiped 145 mm long, 145 mm wide, and 200 mm deep. Air is fed to the air supply outlet from a pump (NUP-2) with a gas pressure rating of 200 kPa, the gas pressure being regulated by a pressure regulator (IR-1B). The airflow rate after regulation is measured using a flow meter (SEF-21A). The air fed from the pressure regulator is emitted from the air supply outlet (diameter, 0.3 mm) onto the ultrasonic longitudinal vibration source tip.
APPARATUS AND METHOD

Apparatus
Method
Experiments were performed at standard temperature and pressure. The gas was finely dispersed by supplying air with simultaneous ultrasonic irradiation using the apparatus shown in Fig. 1 . The drive frequency of the ultrasonic longitudinal vibration source was fixed at 19.4 kHz, which was the longitudinal vibration resonant frequency of the vibration source. The position of the ultrasonic vibration source tip was arranged such that the air supply outlet was beneath and at the center of the vibration plane. The water tank was filled with tap water that had been heated to almost fully deaerate the water and returned to standard temperature. Throughout the experiments, the water was maintained at a constant temperature of 25 AE 1 C. The water was replaced after each experiment. The saturated dissolved oxygen concentration in water at 25 C is 8.1 mg/l. A dissolved oxygen concentration meter (Mettler Toledo, SG6) was used to measure the concentration of oxygen dissolved in the water. The measurement location was at a position 10 mm above the bottom of the water tank in all measurements.
From the results of simulation by the finite-element method (COMSOL Multiphysics), the magnitude of pressure in the water tank is approximately one-seventh that in the uniform rod and air supply outlet.
OBSERVATION OF FINE DISPERSION OF AIR
Observations were made to compare the states of fine dispersion of air in the water with and without of ultrasonic irradiation by arranging the apparatus such that the vertical distance h between the air supply outlet and the uniform rod tip of the ultrasonic vibration source was constant (0.5 mm). The water tank was filled with 1 l of water (water depth, 58 mm), the input power supplied to the ultrasonic vibration source was fixed at 20 W (longitudinal vibration amplitude, approx. 20 mm p{p ), and the supplied airflow rate was fixed at 0.5 l/min. Observations were made both for the case where air was supplied without ultrasonic irradiation and for the case where air was supplied with 
UNSATURATED DISSOLVED OXYGEN CONCENTRATION WITH FINELY DISPERSED AIR
4.1. Increase in Unsaturated Dissolved Oxygen Concentration by Finely Dispersed Air It is clear that the ultrasonic vibrations finely dispersed the supplied air. We thus investigated the unsaturated dissolved oxygen concentration in the water with and without supplied air and ultrasonic irradiation. Measurements were performed with the water tank filled with 1 l of water, the air supply outlet positioned at a water depth of 20.5 mm, the input power supplied to the ultrasonic vibration source fixed at 20 W, the vertical distance h between the air supply outlet and uniform rod tip of the ultrasonic vibration source fixed at 0.5 mm, and the flow rate of the supplied air fixed at 0.5 l/min. The unsaturated dissolved oxygen concentration was measured 10 times for each of the following 4 cases: without both ultrasonic irradiation and without air supply, with ultrasonic irradiation only, with air supply only, and with both air supply and ultrasonic irradiation. The results are shown in Fig. 3 , with elapsed time on the horizontal axis and unsaturated dissolved oxygen concentration on the vertical axis. Ultrasonic irradiation and air supply were performed for 5 min from 22 to 27 min such that the unsaturated dissolved oxygen would not saturate while air was being supplied, with no ultrasonic irradiation or air supply before or after this period. Plots show mean values, with the standard deviation indicated by the upper and lower error bars.
The unsaturated dissolved oxygen concentration increased with time from 0 to 20 min despite the lack of ultrasonic irradiation and air supply, possibly because the water surface was always in contact with the atmosphere and because air dissolved into the water from the water surface. Furthermore, the increase in unsaturated dissolved oxygen concentration from 32 to 47 min, when air was not supplied, showed almost the same trend regardless of the presence or absence of ultrasonic irradiation. Thus, in this method, ultrasonic irradiation caused almost no deaeration of the dissolved oxygen, possibly because the tip of the ultrasonic vibration source had almost no contact with the water in the tank since it was placed extremely close to the air supply outlet. In other words, almost no deaeration occurred because no high acoustic pressure propagated into the water tank. Next, it is clear that the supply of air with ultrasonic irradiation greatly increased the concentration of oxygen dissolved in the water from 22 to 27 min. This shows that the unsaturated dissolved oxygen concentration increases even more than in the case of only supplying air for 5 min from 22 to 27 min. Furthermore, the unsaturated dissolved oxygen concentration when air was not supplied showed the same trend regardless of the presence or absence of ultrasonic irradiation. This indicates that here is almost no deaeration effect, as described above. The unsaturated dissolved oxygen concentrations at 20 and 32 min were then compared. Table 1 shows the increase in unsaturated dissolved oxygen concentration before and after applying the ultrasonic irradiation and air supply in each of the cases. The increase in unsaturated dissolved oxygen concentration was nearly the same, regardless of the presence or absence of ultrasonic irradiation when no air was supplied. However, it is clear that the increase in unsaturated dissolved oxygen concentration when air was supplied with ultrasonic irradiation was approximately 1.4-fold higher than that without ultrasonic irradiation. This shows that fine dispersion of air with ultrasonic irradiation can promote oxygen dissolution. The changes in unsaturated dissolved oxygen concentration from 0 to 20 min and 32 to 47 min were attributed solely to the water surface being in contact with the atmosphere in all cases. In the subsequent investigations, we thus compared and investigated the increase in unsaturated dissolved oxygen concentration between before (0 to 20 min) and after (32 to 47 min) supplying air with ultrasonic irradiation.
Increase in Unsaturated Dissolved
Oxygen Concentration with Varying Power Supply We investigated the increase in unsaturated dissolved oxygen concentration upon fine dispersion of air with varying power supplied to the ultrasonic vibration source. The unsaturated dissolved oxygen concentration was measured 10 times in each case while the power of the ultrasonic irradiation was varied from 0 to 60 W for 5 min. The water tank was filled with 1 l of water, and the vertical distance h between the air supply outlet and the uniform rod tip of the ultrasonic vibration source was fixed at 0.5 mm and the flow rate of the supplied air was fixed at 0.5 l/min. The experiments were performed using unsaturated dissolved oxygen concentrations in the range of 3-6 mg/l before ultrasonic irradiation and air supply. Although it is desirable for this concentration to be a fixed value, some variation occurred depending on the state of the experimental apparatus. The experimental results thus show the trend within this initial concentration range. The results are shown in Fig. 4 , with the power supplied to the ultrasonic vibration source on the horizontal axis and the increase in unsaturated dissolved oxygen concentration on the vertical axis. A clear trend that the unsaturated dissolved oxygen concentration increases and becomes a constant value as the supplied power is increased is evident.
Even when a state of fine dispersion of air was observed for a small amount of supplied power, large bubbles that had not been finely dispersed were also observed. Increasing the power resulted in more pronounced fine dispersion and decreased the number of large bubbles. Furthermore, almost no large bubbles were observed at a power of 20 W or higher. This shows that the unsaturated dissolved oxygen concentration increased with the amount of finely dispersed bubbles generated. Since the concentration of oxygen dissolved in the water becomes a constant value at an input power of 20 W and higher, fine dispersion of air was not considered to be promoted by using such a high power. The input power of the vibration source was fixed at 20 W in the remaining experiments.
Increase in Unsaturated Dissolved Oxygen Concentration with Varying Airflow Rate
We investigated the increase in unsaturated dissolved oxygen concentration upon fine dispersion of air with varying flow rate from the air supply outlet. The concentration of dissolved water was measured 10 times in each case with the flow rate being varied from 0 to 0.75 l/min in the presence and absence of ultrasonic irradiation. The water tank was filled with 1 l of water, and the vertical distance h between the air supply outlet and the uniform rod tip of the ultrasonic vibration source was fixed at 0.5 mm and the input power supplied to the ultrasonic vibration source was fixed at 20 W. The experiments were performed using unsaturated dissolved oxygen concentrations in the range of 3-6 mg/l before ultrasonic irradiation and air supply. Furthermore, ultrasonic irradiation and air supply were performed for 5 min.
The results are shown in Fig. 5 , with the flow rate of the air supplied to the outlet on the horizontal axis and the increase in unsaturated dissolved oxygen concentration on the vertical axis. The concentration of oxygen dissolved in the water showed an increasing trend with the flow rate and then became a constant value as the flow rate was increased further, regardless of the presence or absence of ultrasonic irradiation. Furthermore, the increase in unsaturated dissolved oxygen concentration was clearly larger when ultrasonic irradiation was performed than when it was not.
When fine dispersion of air was observed, the amount of finely dispersed air spreading through the water tank was observed to increase with the flow rate. From this, the increase in the concentration of oxygen dissolved in the water is attributed to the increase in the amount of finely dispersed air owing to the increased amount of supplied air.
Increase in Unsaturated Dissolved Oxygen Concentration with Varying Amount of Water in the Tank
We investigated the increase in unsaturated dissolved oxygen concentration upon fine dispersion of air with varying amount of water in the tank. The concentration of dissolved water was measured 10 times in each case and the amount of water in the tank was varied from 0.7 to 3 l (since the area of the base of the water tank was constant, this corresponds to a depth of 8 to 121 mm above the air supply outlet) with neither ultrasonic irradiation nor air supply and with both ultrasonic irradiation and air supply. The vertical distance h between the air supply outlet and the uniform rod tip of the ultrasonic vibration source was fixed at 0.5 mm, the input power supplied to the ultrasonic vibration source was fixed at 20 W, and the flow rate of the supplied air was fixed at 0.5 l/min. The experiments were performed using unsaturated dissolved oxygen concentrations in the range of 3-6 mg/l before ultrasonic irradiation and air supply. Furthermore, ultrasonic irradiation and air supply were performed for 5 min.
The results are shown in Fig. 6 , with the amount of water in the tank shown on the horizontal axis and the increase in unsaturated dissolved oxygen concentration shown on the vertical axis. It is clear that the increase in unsaturated dissolved oxygen concentration when no ultrasonic irradiation or air is supplied decreases as more water is added, possibly because the contact area between the water surface and air remains constant as the amount of water in the tank is varied, and since the absolute amount of air dissolving from the atmosphere remains constant, the amount of oxygen dissolved per unit volume decreases with increasing amount of water in the tank. However, when ultrasonic irradiation and air supply were performed, although the increase in unsaturated dissolved oxygen concentration was found to increase, to some degree, as the amount of water increased to a maximum of 1.5 l, it remained almost constant when the amount of water exceeded 1.5 l. This indicates that the absolute amount of oxygen dissolved in the water increases with increasing amount of water. Furthermore, when fine dispersion of air was observed, no variation in the way that fine bubbles were generated could be seen as the amount of water in the tank was increased. The vibration source tip was not very deep in the water, so the effect of increasing water pressure on acoustic pressure is considered to be negligible. These results show that the fine dispersion of gas is not affected by some degree of variation in water depth in the case of the gas can dissolve into the liquid. 
Increase in Unsaturated Dissolved
Oxygen Concentration with Varying Vertical Distance Between the Air Supply Outlet and Ultrasonic Vibration Source Tip We investigated the increase in unsaturated dissolved oxygen concentration upon fine dispersion of air with varying vertical distance h between the air supply outlet and the uniform rod tip of the ultrasonic vibration source. The concentration of dissolved water was measured 10 times in each case with h being varied from 0.5 to 10 mm. The water tank was filled with 1 l of water, the input power supplied to the ultrasonic vibration source was fixed at 20 W, and the flow rate of the supplied air was fixed at 0.5 l/min. The experiments were performed using unsaturated dissolved oxygen concentrations in the range of 4-5.5 mg/l before ultrasonic irradiation and air supply. Furthermore, ultrasonic irradiation and air supply were performed for 5 min. The results are shown in Fig. 7 , with the vertical distance h between the air supply outlet and the uniform rod tip of the ultrasonic vibration source on the horizontal axis and the increase in unsaturated dissolved oxygen concentration on the vertical axis. It is clear that the dissolved oxygen concentration when air supply and ultrasonic irradiation were performed became maximum when h was 2 mm. This result implies an optimal distance between the uniform rod tip of the ultrasonic vibration source and the air supply outlet for increasing the unsaturated dissolved oxygen concentration by fine bubbling. Figure 8 shows the fine dispersion of air at each h value. Figure 8(a) shows the case where the vertical distance h between the air supply outlet and the uniform rod tip of the ultrasonic vibration source was 0.5 mm. It is clear that the finely dispersed air does not readily disperse into the surroundings, but remains near the uniform rod. Figure 8(b) shows the case where the distance h is 2 mm. The area with a cloudlike appearance on the left side of the uniform rod is finely dispersed air. A phenomenon that the finely dispersed air was dispersed within the tank with good momentum was observed, possibly because 2 mm is the optimal h for readily dispersing air into the surroundings. Furthermore, it is clear that the particles of finely dispersed air are smaller than those when h ¼ 0:5 mm. Figure 8(c) shows the case where the distance h is 10 mm. At this distance, fine bubbling is almost undetectable visually as the air does not come into contact with the vibrating plane. It is likely that fine dispersion of the supplied air does not readily occur with ultrasonic irradiation when the distance is too far.
DISCUSSION
The unsaturated dissolved oxygen concentration was increased most effectively when fine dispersion of air was produced with both ultrasonic irradiation and air supply, thereby demonstrating gas dissolution by ultrasonic irradiation. Furthermore, deaeration effects were reduced by setting the air supply outlet at a position extremely close to the ultrasonic longitudinal vibration source tip. In other words, acoustic pressure effects could be reduced in the area surrounding the air supply unit.
(a) When the input power to the ultrasonic vibration source was varied, the increase in unsaturated dissolved oxygen concentration upon fine dispersion of air increased as more power was supplied to the ultrasonic vibration source, and it became a constant value at >20 W. This was likely due to the vibration source amplitude displacement and vibration acceleration increasing with the power increase, where the amount of finely dispersed bubbles increased owing to the increased energy applied to the air. In terms of fine dispersion of air, since large bubbles that had not been finely dispersed were observed when the power was low, the power needed to finely disperse all of the supplied gas is inferred to differ depending on the flow rate of the gas. (b) When the airflow rate from the air supply outlet was varied, the increase in unsaturated dissolved oxygen concentration upon generating fine bubbles increased as the flow rate of the supplied air was increased. However, since excessively large flow rates hinder fine dispersion, a flow rate where all of the air can be finely dispersed will be optimal. (c) When the amount of water was changed, the increase in unsaturated dissolved oxygen concentration upon generating fine bubbles remained nearly constant, and it was clear that changing the amount of water had no effect within our measurement range. Furthermore, although the water depth of the air supply outlet changed as the amount of water changed, this was also found to have almost no effect. Therefore, the unsaturated dissolved oxygen concentration is considered to be unaffected by changes in water pressure owing to changes in water depth, and the main cause of the fine dispersion of air is considered to be the ultrasonic vibrations. (d) When the vertical distance between the air supply unit and the ultrasonic vibration source tip was changed, the increase in unsaturated dissolved oxygen concentration upon generating fine bubbles was greatest when the distance was 2 mm. The fine dispersion of air is attributed to flow induced by acoustic streaming. Furthermore, additional fine dispersion of air is expected owing to the action of acoustic pressure. The optimal value for the distance between the horn tip and the air supply outlet is considered to depend on factors such as the size of the air supply outlet and the airflow rate, in addition to the vibration displacement, velocity, acceleration, and frequency of the horn tip. However, the effect of deaeration must also be investigated. Taken together, since the fine dispersion of air occurs actively if the air supply outlet and ultrasonic vibration source tip are near each other, the main factors in the fine dispersion of air are aggressive fracture and fine dispersion by the air colliding with the ultrasonic vibrations from the vibration source. Fine dispersion of air is thus considered to increase the unsaturated dissolved oxygen concentration by increasing the efficiency with which the air dissolves into water.
CONCLUSIONS
We investigated the dissolution of a gas into a liquid by fine dispersion of air brought about by placing the air supply outlet extremely close to the tip of an ultrasonic longitudinal vibration source. The following results were obtained.
(a) The unsaturated dissolved oxygen concentration in the liquid was increased by performing ultrasonic irradiation while supplying air, by increasing the input power to the vibration source, and by increasing the amount of air supplied. Almost no deaeration by cavitation was observed. (b) In this method, the main causes of the fine dispersion of air are considered to be fracturing and fine dispersion of air by colliding with ultrasonic vibrations induced by the vibration source. The effect of water pressure is thus considered to be small during fine dispersion. Further investigations are necessary to elucidate the principles of the fine dispersion of air, the particle sizes of finely dispersed air, and the increase in the unsaturated dissolved oxygen concentration. In addition, we are planning to investigate the shapes of vibration sources that are most suitable for the fine dispersion of air.
